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ABSTRACT OF THESIS 
 
EVALUATION OF THE INFLUENCE OF DICAMBA EXPOSURE ON CROP INJURY AND 
CANOPY CLOSURE OF GLUFOSINATE RESISTANT SOYBEAN 
 
Dicamba-resistant soybean along with lower volatility dicamba formulations 
have been introduced in an attempt to control herbicide resistant weeds such as 
Amaranthus palmeri. This introduction has increased the amount of dicamba being 
applied later in the growing season increasing the prevalence of dicamba off-target 
movement. Dicamba damage was simulated by applying low rates of dicamba directly 
on soybeans at rates (0.5 g ae ha-1, 1 g ae ha-1 and 5 g ae ha-1 dicamba) and five-
exposure timings from June 1 to July 10. The experimental design was a randomized 
complete block with four replications at five locations. Crop and trifoliate injury ratings 
were taken 21 and 28 DAE (days after exposure) as well as yield, canopy closure ratings 
21, 28 and 35 DAE and Palmer amaranth density was determined in both 2018 and 
2019. When comparing injury across exposure dates it was observed that the early June 
exposures resulted in peak injury at 21 DAE whereas the late June and early July 
exposure peaked at 28 DAE. Yield was only reduced in 2019 with the lowest yield 
occurring due to exposure on June 20 at 5g ae ha-1. Differences were observed in 
canopy closure in both years, with a more pronounced and prolonged canopy closure 
delay in 2019. Overall dicamba exposure date had a greater influence on canopy 
development than exposure rate likely due to variations in soybean growth stages at the 
different exposure dates. 
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Chapter 1 
Literature Review 
 
Palmer Amaranth History 
Palmer amaranth (Amaranthus palmeri) is native to Mexico and the Southeastern 
United States (Grey, 2015). Glyphosate resistant (GR) Palmer amaranth was first 
confirmed in a Roundup Ready™ cotton field in Georgia in 2004 and has since then been 
discovered throughout the United States (Culpepper, 2010). Palmer amaranth is 
resistant to dinitroanilines, triazines, acetolactate synthase inhibitors, and 4-
hydroxyphenylpyruvate dioxygenase inhibitors, as well as resistant to more than one 
site of action (Vencill et. al, 2008).  In Kentucky, the first account of Palmer amaranth 
was confirmed in 2010, which was also found to be GR and continues to spread 
throughout the state today (Heap, 2017). 
Herbicide resistance in weeds often occurs through a natural selection process and can 
happen relatively quickly in dioecious plants, due to cross-pollination (Jasienuk et al. 
1996). Out-crossing of Palmer amaranth increases the rate of resistance evolution to 
different modes of action through reproduction, increasing the difficulty of control in 
the future.   
Palmer Amaranth Biology 
The size and weight of Amaranthus seed can depend on the individual plant in a given 
population and can have variations from field to field (Costea et. al 2004). Female 
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Palmer amaranth plants are phenomenal seed producers with a range of 80,000 to 
1,200,000 when not competing against crops (Ward, 2013). When growing in 
competition with soybean (Glycine max) it can produce 140,000 to 212,000 seeds per 
plant depending on row spacing (Jha et al, 2008).  
Amaranthus seed dispersal occurs through many different methods such as rain, human 
activity such as irrigation or farm equipment like combines or planters, and animal 
activity such as migratory birds (Bradley, 2004; Norsworthy, 2014). Migratory birds can 
move seed from the northern most parts of North America to the southernmost parts. 
Selling and trading of equipment can move weed seed from county to county or in some 
cases across state lines. Therefore, controlling and stopping the spread of resistant 
biotypes can be difficult.  
Palmer amaranth can emerge throughout the growing season and continues to emerge 
into the late summer and early fall.  Emergence begins around May and emerges 
through a final flush around mid-October with three peak emergence periods during 
that span (Jha et al. 2009). Late emergence of Palmer amaranth will not affect yield but 
it can increase the overall number of seeds in the seed bank (Nordby, 2007). Palmer 
amaranth seed that was buried up to 40 cm deep for 2 years had 37% viability 
(Sosnoskie, 2013). Sosnoskie (2013) also observed seed buried at 40 cm for 3 years had 
approximately 22% viability while seed buried at a 2.5 cm depth had only 9% viability.  
Palmer amaranth can grow and compete with soybean and other crops by outgrowing 
the canopy of surrounding plants, so it competes for sunlight as well as other assimilates 
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that are vital to achieving maximum yield (Bond and Oliver, 2006). Palmer amaranth can 
grow up to 2 meters tall when growing conditions are favorable (Oliver, 1994). Plants 
that are larger can completely shade out the growing crop, consume ample amounts of 
vital nutrients, and greatly hinder overall yield production. Palmer amaranth like all 
other Amaranthus species are C4 plants and thrive under warmer and drier growing 
conditions. In conditions with ideal moisture and nutrient availability, a single 
Amaranthus plant could grow up to 1 inch per day (Ward, 2013). Soybean and Palmer 
amaranth plants have the same absolute growth rate, however, around 4 weeks after 
emergence palmer tends to be 20 to 60 cm taller than surrounding soybean plants 
(Klingaman, 1994).   
 Currently over 250 weed species have confirmed resistance to 23 of the 26 different 
herbicide sites of action around the world (Heap, 2017). The increasing level of 
herbicide resistance and competitive nature of Palmer amaranth make them some of 
the most, if not the most problematic resistant weed in the United States. According to 
a 2017-weed science survey, Palmer amaranth is ranked first on the most troublesome 
weed list overall (Heap, 2017).  
Dicamba: 
Herbicides are categorized into groups based on the method within which they interact 
and kill plants. Dicamba is categorized in the synthetic auxin group of herbicides (Group 
4), for which the specific site of action is unknown. Death of susceptible plants is likely 
to result from uncontrolled cell and tissue growth and destruction (Hardwood and 
Canston, 2001). Dicamba was discovered by BASF in 1958, it was not until 1967 that it 
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was registered under the trade name of “Banvel”. It has been one of the most common 
herbicides used throughout the United States for broadleaf weed control (Grassi, 2012). 
Dicamba has been used in the past to control broadleaf weeds for either pre plant or 
post emergence application in corn and grass crops to control summer annual broadleaf 
weeds.  
Palmer amaranth has become very difficult to control using traditional herbicide options 
based upon the lack of activity from herbicide mode of action groups. Herbicides like 
glyphosate (Group 9), ALS inhibitors (acetolactate synthase) (Group2), PPO inhibitors 
(protoporphyrinogen oxidase) (Group 14), HPPD (4-hydroxyphenylpyruvate 
dioxygenase) (Group 27), and triazine type (Group 5) herbicides have resistant biotypes 
to each of these modes of action (Ward, 2013). In response to the increase of 
resistance, seed companies have introduced new grouped traits of herbicide resistance 
to the agriculture industry. Dicamba-resistant crops were introduced in 2016, with the 
release of designated herbicides following in 2017. As a result of off target movement 
from off label dicamba applications it caused many crop injury cases to be greatly 
increased throughout the United States (Steckel, 2016). Growers that planted dicamba-
resistant crops in 2016 used older formulations of dicamba to control broadleaf weeds, 
which caused widespread injury throughout many different states. Monsanto 
introduced the trait in soybean and cotton under the trade name “Round-Up Ready 2 
Xtend.” New technology developed from Bayer has soybean that is dicamba, 
glufosinate, and glyphosate resistant which is compiled together to give more modes of 
action that can be sprayed directly to soybean and give growers more options for future 
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herbicide programs. Dicamba and glufosinate have shown good control of Amaranthus 
species when used together at pre-plant and post emergence on glyphosate-resistant 
palmer amaranth compared to glyphosate alone (Cahoon et al, 2015). Synthetic auxins, 
such as dicamba and other group 4 herbicides are quickly becoming one of the most 
effective methods to control resistant broadleaf weeds in soybean and cotton.  
Since its introduction dicamba has had a reputation for off target movement, though it 
had not caused wide spread problems until the summer of 2016. Dicamba tolerant 
soybean and cotton seed technology was released in the spring of 2016 and approved 
dicamba herbicide formulations became available in 2017 (EPA, 2017). The introduction 
of this technology has increased the amount of dicamba that is applied during the 
months of June and July when volatilization is more likely to occur and when more 
sensitive crop vegetation is actively growing. Injury on soybeans can have many 
different symptoms and look very similar to other types of chemical damage. Dicamba 
damage causes the trifoliate leaves to cup or curl as well as possible leaf burn at some 
higher rates (Johnson, 2012). Temperatures at 15°C show only 3 percent damage to the 
soybean from dicamba, whereas when temperature rises above 30°C damage increases 
to 40 percent when dicamba drift was mimicked. After reaching 40°C, roughly 35 
percent damage was observed (Hartzler, 2001). Soybeans susceptible to dicamba 30m 
downwind of the application site displayed 38% damage 24 hours after exposure to 
vapor emissions from a corn crop application of dicamba (Behrens and Lueschen, 1979). 
According to Hartzler (2001) it takes 0.13 kg ae ha-1 of active ingredient of dicamba to 
affect soybeans in just 24 hours. Soybeans that receive 5.6 g ae ha-1 rate of dicamba at 
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the bloom (R3) stage will show a significantly reduced yield due to extreme sensitivity 
(Kelley, 2005). Soybeans are extremely sensitive to dicamba and damage can occur 
quickly. Plants that are affected by dicamba can have a decreased number of nodes, 
pods, and seeds (Robinson et. al, 2013). Soybean sensitivity to dicamba and other 
growth regulator herbicides varies at different growth stages. It can affect the overall 
height of the plant depending on the growth stage the plant is at when injury occurs. 
Soybean injury can cause up to 50% height loss when injured during V5 stages (Robinson 
et. al, 2013). Seed loss can also be affected by dicamba injury during the R2 stages 
causing up to 80 percent seed loss.  Soybean canopy height, plant height and yield can 
all be reduced due to injury from dicamba (Griffin et al. 2013). Soybean yield can be 
decreased by roughly of 90 percent when dicamba exposure is severe enough (Al-Khatib 
and Peterson, 1999). Robinson et al. (2013) states that dicamba damage can also cause 
soybeans to reduce the number of nodes as well as abort pods when damaged during 
the R5 growth stage. These factors can all be influenced by the increase in temperature 
or the amount of precipitation that occurs during the growing season (Al-Khatib and 
Peterson, 1999)  
Off target movement and volatilization of dicamba are the largest issues growers are 
facing with the new adoption of this technology, although companies have released new 
formulations of dicamba to reduce volatility potential. One of the newest formulations 
(designated as Vapor Grip™) which prevent a dicamba salt from disassociating and 
forming the parent acid resulting in a more stable formulation with less tendencies for 
drift and volatilization. Products such as Engenia have replaced the DGA salt with 
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BAPMA salt to help the molecule to remain stable. Whereas, the older formulations 
found in herbicides such as Banvel and Clarity are extremely volatile and are more prone 
to off target movement. Behrens and Lueschen (1979) stated that in a 12-hour period 
92% of the acid formulation of dicamba can be volatilized off a glass surface, also the 
DGA salt formulation can be 90% volatilized in 48 hours from a glass surface. When 
applied in the field, dicamba typically volatilizes the least when applied in the evening at 
an amount of 7.5 ± 2.55 µg in a 24 hour span after application (Muller, 2013). The 
greatest volatilization occurs when applied during midday with a volatilization rate of 
18.7 ± 3.22 µg 24 plus hours after application. Even with the newer formulations such as 
the BAPMA salt and Vapor grip™ technology off target movement is still occurring.  
Contamination can also be a very large issue in off target damage of soybeans when not 
correctly cleaning out a sprayer. According to Kelley (2005) when a rate of dicamba at 
5.6 g ae ha-1  is applied at the V3 soybean yield ranged from 2690 to 2720 kg ha-1, when 
applied at V7 yield ranged from to 2500 to 2790 kg ha-1, while untreated soybean yield 
ranged from 3160 to 3490 kg ha-1. This could come from failing to adequately clean out 
the sprayer tank and the hoses where some active ingredients can remain. Sprayer 
hoses can acquire vast amounts of product, which can be released from the microscopic 
pores from within the hoses by other chemicals such as glyphosate or foliar fertilizers 
like ammonia sulfate (Cundiff et al. 2017). Cundiff et al. (2017) also states that 
depending upon the material in which the hose is constructed from, a PVC blend or a 
synthetic blend rubber hose can increase or decrease the amount of product being 
retained.  
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Objectives and summary  
Since the introduction of dicamba-resistant soybeans, wide spread growth regulator 
injury to non-dicamba resistant soybean crops and other sensitive vegetation has been 
observed in Kentucky and other states. Over the past two growing seasons there has 
been a greater reliance on dicamba products to control problematic weeds such as 
Palmer amaranth and other glyphosate resistant weeds. Spraying of these products has 
caused damage to other crops and has been feared to affect soybean yields and hinder 
coverage of the crop canopy. The objectives of this study were to: 1) evaluate the 
damage dicamba may cause on soybean yield at different growth stages, 2) evaluate the 
influence of dicamba exposure timing and rate on soybean canopy development, and 3) 
evaluate the influence of potential canopy closure delay on late season Palmer 
amaranth and emergence. 
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Chapter 2 
Introduction 
Glyphosate resistant crops have drastically changed and simplified weed control in corn, 
soybean, and cotton since their introduction in 1996 (Young, 2006). The introduction of 
this technology has led to numerous applications of glyphosate to resistant soybean 
over several consecutive growing seasons.  This has resulted in selection of resistance in 
weed species such as horseweed (Conyza canadensis), common ragweed (Ambrosia 
artemisiifolia), palmer amaranth (Amaranthus palmeri) and common waterhemp 
(Amaranthus tuberculatus) (Pollard et al 2004; VanGessel 2001, Culpepper et al. 2006, 
Legleiter et al. 2009). Dicamba resistant crops were introduced to give growers 
alternative options for controlling herbicide resistant broadleaf weeds.  
Dicamba was discovered in 1958, and was registered in 1967 with the trade name 
“Banvel” (Grassi, 2012). Dicamba causes injury and death to broadleaf species and it is 
safe on grass species, thus it was primarily available for use in corn and forage grass 
systems before dicamba-resistant broadleaf crops were developed.  In 2016, the 
Roundup Ready 2 Xtend cotton and soybean traits were introduced within the United 
States. Improved formulations of dicamba were also released in 2017; these products 
were Engenia, Fexipan and Xtendimax, which are being used to control broadleaf weeds 
such as palmer amaranth and waterhemp. The newer dicamba products have been 
reformulated to decrease the events of volatilization and potential drift; however, since 
the introduction of this technology, injury to sensitive crops has become a regular 
occurrence (Steckel, 2017).  
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Since the introduction of dicamba resistant crop varieties in 2016, wide spread 
occurrences of dicamba damage has occurred throughout the country. In 2017, Dr. 
Kevin Bradley reported roughly 3.6 million acres of soybean had been damaged across 
the United States (Bradley, personal communication). University of Kentucky Extension 
weed scientists reported the total number of damaged soybean acres in Kentucky 
ranged from 35,000 to 45,000 during 2017 (Dr. Travis Legleiter and Dr. JD Green, 
personal communication).  Off target movement via physical drift and possibly 
volatilization have been the most common ways injury occurs, although tank 
contamination has occurred as well. 
The planting of dicamba-resistant soybean has increased the amount of dicamba 
products being applied late in the growing season when temperatures are high and 
susceptible crops such as non-dicamba-resistant soybean and other sensitive crops such 
as tobacco are more prevalent and actively growing. Non-dicamba resistant soybean is 
extremely sensitive to dicamba with the level of injury dependent upon growth stage at 
time of exposure and amount of active ingredient reaching the susceptible plant 
(Robinson et al. 2013). Growth regulator (Group 4) herbicides such as dicamba and 2,4-
D cause very noticeable and unique injury on plants, especially susceptible plants such 
as soybean. Leaf curling, leaf malformation, and seed imperfection can be caused from 
dicamba exposure; and even some leaf burn can be noticed at higher rates (Johnson, 
2012).  Additionally, damage that occurs at certain times can cause a reduction in 
number of nodes as well as abort pods that are forming (Robinson et al. 2013). Yield can 
been affected depending on amount of dicamba as well as the timing of the injury 
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(Kelley, 2005). A lack of knowledge of how yield can be affected by dicamba injury is 
part of a gap in knowledge currently in agriculture. 
The objective of this research was to evaluate soybean injury and yield as influenced by 
dicamba exposure rate and date of exposure.  
Materials and Methods 
Experimental Sites: Field trials were conducted at Caldwell, Trigg and Webster Counties 
in 2018 and Caldwell and Trigg Counties in 2019. The Caldwell County sites in 2018 and 
2019 were both located at the UKREC (University of Kentucky Research and Education 
Center) in Princeton, KY (37.097857, -87.863521).  This site had a naturally-occurring 
population of horseweed and giant ragweed although it was maintained as weed-free 
during both growing season by means of herbicide applications. The Trigg County sites 
in 2018 and 2019 were located in adjacent fields on a grower owned farm in Cadiz, KY 
(36.842315,-87.747283). The Trigg County sites both contained dense and uniform 
populations of Palmer amaranth. Field trials at the Trigg and Caldwell County locations 
were conducted on a Crider silt loam soil with a 2 to 6% slope. The experiment was only 
conducted at the Webster County site in 2018. This site was located near Slaughters, KY 
(37.523608, -87.548188), and contained a low-level infestation of waterhemp 
(Amaranthus tuberculatus). The soil in Webster County consisted of a Sharon silt loam 
with a slope of 0 to 2%.  
Plot Establishment and Maintenance: All three locations in 2018 were planted with a 
Pioneer brand P45T39L glufosinate-resistant soybean. The Caldwell county site  was 
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planted on May 15 and the Trigg  and Webster  County sites planted on May 16, 2018.  
All three sites were planted at a population of 346,000 seeds ha-1 with a precision 
planting vacuum planter on 38-cm rows. In 2019, both locations were planted with a 
Becks 424L4 glufosinate-resistant soybean seed. The Caldwell site was planted on April 
29 and the Trigg County location was planted on May 10 at a population of 346,000 
seeds ha-1 on 38-cm rows.  
Burndown herbicide applications applied at UKREC and Webster County in 2018 and 
Trigg and UKREC in 2019 consisted of glyphosate at 2.15 kg ae ha-1. Trigg County in 2018 
was conventional-tilled using a field cultivator due to rough ground and an uneven 
planting surface. Following planting across all five-site years, a preemergence (PRE) 
herbicide mixture of flumioxazin at 0.007 kg ae ha-1 and pyroxasulfone at 0.08 kg ae ha-1 
was applied immediately following planting.  
All three locations in 2018 and both locations in 2019 also received a mid-season 
application of glufosinate (2.03 kg ae ha-1) and clethodim (0.63 kg ae ha-1) to mimic an 
infield scenario of typical post emergence (POST) weed control practices. Post 
emergence applications were applied on June 19, 2018 at the Caldwell and Trigg County 
sites; and on June 20, 2018 at the Webster County site. In 2019, the post emergence 
application was made on June 10 at Trigg County. The 2019 Caldwell County location 
had an extensive population of yellow nutsedge (Cyperus esculentus); therefore the first 
glufosinate application (2.03 kg ae ha-1) was applied on June 3 with a follow up 
application of glufosinate (2.03 kg ae ha-1) plus chlorimuron-ethyl (0.0525 kg ae ha-1) 
applied to control the remaining yellow nutsedge on June 26, 2019.    
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All burndown, PRE, and POST applications of glufosinate, clethodim and chlorimuron-
ethyl were applied at each site in 2018 and 2019 using a CO2 backpack sprayer with a 
hand held boom at 172 kpa using TeeJet XR11002 flat-fan nozzles with 38-cm nozzle 
spacing traveling at 4.8 km h-1 with a spray volume of 140 L ha-1.  
Experimental Design: Individual experimental plots were 3m by 9m and were laid out in 
a randomized complete block design with four replications at all five site years. The 
factorial design included two main factors: rate of dicamba exposure and date of 
dicamba exposure.  An untreated control was also utilized.  Because of the factorial 
experimental design yield was analyzed as a percentage of the untreated check. The 
exposure rate factor included dicamba at 0.5 g ae ha-1, 1 g ae ha-1 and 5 g ae ha-1. 
Exposure dates included five target dates on June 1, June 10, June 20, July 1 and July 10. 
The three rates of 0.5g, 1g and 5g ae ha-1 were selected to mimic dicamba off target 
movement events to soybean during the growing season. The exposure rates were 
based off previous research conducted by Egan et al. (2014), who analyzed trials that 
had applied 2,4-D or dicamba to injure soybeans or cotton. The lowest rate 0.5 g ae ha-1 
was selected to mimic volatilization exposure due to a temperature inversion. The 5 g ae 
ha-1 mimicked a drifting scenario where physical droplets moved onto a neighboring 
soybean crop. The 1 g ae ha-1 was an intermediate rate. The five different exposure 
timings were chosen to affect different soybean growth stages ranging from V3 to R5 
soybean stages of growth. However, the different growth stages varied slightly 
depending on time of application (Table 2.1). The timings were selected based on 
growth stages and corresponded to most POST applications of dicamba typically occur 
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within the state of Kentucky. All dicamba applications were applied using a CO2 
backpack sprayer with a hand held boom at 206 kpa with a 203 cm boom with four 
Teejet TTI11002 nozzles traveling at 4.8 km h-1 with a spray volume of 140 L ha-1.  
Data Collection: Visual ratings of overall soybean injury and trifoliate leaf damage were 
measured 21 and 28 days after each dicamba exposure. Trifoliate damage was 
measured by selecting three random plants within the center of the plot and counting 
the number of crinkled, malformed or damaged trifoliates per plant. Visual injury ratings 
on the soybean plants were based on a scale of 0 to 100%, with 0 equal to no soybean 
injury, and 100% equal to complete soybean death. Soybean yield was assessed at the 
UKREC site in 2018 and 2019 using a plot research combine harvesting the center 2 m of 
the plot (4 soybean rows) using an Almaco field research plot combine and Harvest 
master H2 weigh system. Before harvest, lengths of each individual plot were measured 
to ensure accuracy. Soybean weights were calculated using an adjusted moisture at 
13%.  
The injured trifoliate counts of three plants from each plot were treated as subsamples 
of the whole plot. Difference in crop injury, trifoliate injury counts and yield were 
analyzed using analysis of variance in SAS 9.4 PROC GLMMIX, means separation 
occurred at alpha=0.05 adjusted for Tukey HSD. Independent variables were exposure 
date, exposure rate, and the interaction of exposure date and exposure rate. Replication 
was treated as a random factor.  
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Analysis of interaction of exposure date, exposure rate, and year or sites within year all 
showed significant interactions at p-values less than 0.05 for crop injury and trifoliate 
injury.  Thus, analysis of variance for all five sites was conducted separately for crop 
injury and trifoliate injury. 
Results and Discussions  
Soybean Injury: Crop injury ratings conducted at 21 and 28 DAE (days after exposure) 
indicate the maximum amount of soybean injury across the exposure timings and rates 
analyzed varied depending on the exposure date and rate. Interaction of exposure date 
and rate was observed at Trigg 2018 and Caldwell 2019, while no interaction was found 
at the remaining three sites. Although, influence of both exposure date and exposure 
rate was observed on crop injury 21 DAE was significant at Caldwell 2018, Webster 2018 
and Trigg 2019. (Table 2.2). Observations taken at 21 DAE showed the three June 
exposure dates resulted in greater injury as compared to exposure on July 1 at Caldwell 
2018 and July 1 and July 10 at Webster 2018 and Trigg 2019 (Table 2.3). The highest 
exposure rate of 5 g ae ha-1 showed 20 to 23 percent crop injury at 21 DAE and was 
greater than the 0.5 g ae ha-1 exposure rate, which showed 15 and 17 percent injury 
(Table 2.4). The greatest injury at the Trigg county location was 5g ae ha-1 for all three 
June dates compared to the July exposure dates across all three rates. The Caldwell 
2019 site showed the greatest injury on June 1 at 5g ae ha-1 and was greater than all 
other rates and dates (Table 2.5). 
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Crop injury ratings at 28 DAE were analyzed separately by year and site due to 
significant interactions between site-year and treatments (P<0.001). An interaction of 
exposure date and rate was also observed at 28 DAE, in both 2018 and 2019 at the Trigg 
County location (P=0.008 and P=0.0129) (Table 2.5). The effects of exposure date and 
exposure rate both influenced crop injury at 28 DAE at the remaining three sites, with 
the exception of Caldwell 2018, which lacked an influence of exposure rate (Table 2.6). 
Crop injury 28 DAE at Caldwell 2018 and Webster 2018 was greater in plots exposed on 
June 20 and July 1 than the earlier June exposure dates (Table 2.7).  Caldwell 2019 injury 
28 DAE was greater in the July 1 and June 20 exposure treatments as compared to the 
June 10 exposure, though they were similar to the June 1 exposure (Table 2.7). The 
highest exposure rate of 5g ae ha-1 showed the greatest injury at 28 DAE in comparison 
to the two lower exposure rates at Webster 2018 and Caldwell 2019 (Table 2.8). The 
interaction of exposure rate and date at Trigg 2018 showed increased levels of injury at 
28 DAE in the treatments exposed on June 20 and July 1, although the separation of 
these dates from the early June and July 10 exposure date were most pronounced at the 
5 g ha-1 exposure rate (Table 2.9). Trigg 2019 showed a significant interaction of 
exposure rate and date with the greatest injury occurring at the 5 g ha-1 rate on the June 
20, July 1, and July 10 exposure rates (Table 2.9).      
When comparing injury at each evaluation date it was observed that the June exposures 
resulted in maximum amount of soybean injury across the timings and dates analyzed at 
21 DAE;   the late June and early July exposure showed maximum injury at 28 DAE.  
Differences in maximum injury among exposure dates are suspected to be due to 
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differences in soybean growth stages at time of exposure (Table 2.1). The late June and 
early July exposure dates occurred when plants were in a reproductive stage, whereas 
the early June exposure occurred on vegetative and rapidly growing soybean. Therefore, 
resulting injury occurred more quickly (i.e., observed at 21 DAE) when exposure 
occurred during vegetative stages and was delayed (observed at 28 DAE) when exposed 
at reproductive stages. In the majority cases, the highest rate of 5g ae ha-1 showed 
greater injury in comparison of the two lower rates regardless of the time of evaluation. 
Trifoliate Damage: Trifoliate injury measurements taken 21 and 28 DAE showed the 
peak of trifoliate injury varied depending on exposure rate and date. Trifoliate injury 
counts were analyzed separately by sites due to interactions between site years 
(P<0.001). Interaction of exposure date and rate at 21 DAE only occurred at Caldwell 
2018 (P=0.0454) (Table 2.10).  Exposure rate showed no differences in trifoliate injury 
21 DAE across all remaining sites except for Trigg in 2019 (P=0.0392) (Table 2.10).  
Trifoliate injury as influenced by exposure date was significant at all sites that lacked an 
interaction of exposure rate and date (Table 2.10). Influence of exposure date on 
trifoliate injury 21 DAE showed the greatest amount of trifoliate injury occurring at the 
June 10 exposure date at Trigg 2018, Trigg 2019, and Caldwell 2019 (Table 2.10). 
Conversely, the Webster 2018 site showed the greatest trifoliate injury at 21 DAE due to 
the July 1 exposure date (Table 2.10).  The Trigg 2019 site was the only location to 
express differences in trifoliate injury at 21 DAE, due to exposure rate with the 5 g ae ha-
1 rate having greater injury than the 0.5 g ae ha-1 rate (Table 2.12).  The interaction of 
exposure rate and date 21 DAE at Caldwell 2018 showed the greatest trifoliate injury 
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occurred at the June 10 exposure rate, and most predominantly at the 5 g ae ha-1 rate 
(Table 2.13).   
Trifoliate injury counts at 28 DAE were analyzed separately by site due to interactions in 
counts among site years (P<0.0001). A significant interaction between exposure date 
and exposure rate also occurred at the Caldwell 2018 and Caldwell 2019 sites (Table 
2.14).  A significant influence of exposure date occurred at Trigg 2018, Webster 2018, 
and Trigg 2019; whereas an influence of exposure rate only occurred at the Webster 
2018 site (Table 2.14). Trifoliate injury 28 DAE at the Webster 2018 site had the greatest 
trifoliate injury at the June 20, July 1, and July 10 exposure dates (Table 2.15). The 
Webster 2018 site was the only site with an influence of exposure rate 28 DAE and 
showed greatest injury at the 5g ae ha-1 was the exposure rate (Table 2.16). The 
interaction of exposure rate and date at Caldwell 2018 28 DAE expressed increased 
trifoliate injury when exposed to the highest rate on the June 10, June 20, and July 1 
exposure dates (Table 2.17).  The Caldwell 2019 site showed the greatest trifoliate injury 
at 28 DAE at the highest exposure rate on July 1 (Table 2.17)  
When comparing 21 DAE with 28 DAE it was noticed that exposure rates had little effect 
on the overall number of trifoliates injured regardless of year (Table 2.10 and 2.14). 
Differences were found mostly among dates of exposure with varying results depending 
on the evaluation timing. Soybean trifoliates expressed the highest level of injury 21 
DAE on June 10 in both 2018 and 2019. Differences in trifoliate injury assessed 28 DAE 
varied between years due to more significant injury in 2019 than in 2018. The peak 
injury occurred on the June 20 and July 1 dates in 2018, with all other dates having 
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significantly less trifoliate injury. Influence of exposure dates in 2019 showed the injury 
occurred from June 1 through July 1 at 28 DAE. The limited precipitation during the 
month of June in 2019 (Table 2.21) compared to 2018 (Table 2.20) may have resulted in 
the extended period of trifoliate injury up to 28 DAE in 2019. 
Yield: Soybean yield was only taken from the Caldwell location due to weed competition 
that occurred at the other two locations. Weed competition from a lack of canopy 
closure could have decreased yield and caused more yield loss aside from only the 
dicamba injury. Yield in each treatment was converted to a percentage of the untreated 
check. Yield in 2018 ranged from 3675 to 4588 kg ha-1, but was not influenced by 
exposure rate (P=0.8647), exposure date (P=0.3462), and interaction of date and rate 
(P=0.9318), these ranges include the untreated check (Table 2.16). In 2019 differences 
were found among exposure dates (P<0.0001), exposure rates (P<0.0001) and the 
interaction of rate and date (P=0.0078). Soybean yield in 2019 ranged from 1817 kg ha-1 
to 5121 kg ha-1, these ranges include the untreated check. Soybean exposed to dicamba 
at the highest rate on June 20 resulted in the greatest yield reduction in 2019 (37 
percent of the untreated check in 2019) (Table 2.17).  
The amount of precipitation in 2018 was greater overall and more consistent than in 
2019 (Table 2.20 and 2.21). Compared to the 30-year average for rainfall the amount of 
rain during the month of July and September was lower than the previous averages of 
122 mm in July and 91 mm in September (University of Kentucky Ag Weather Data).  
Temperatures were around average throughout both growing seasons. With the ample 
amounts of rain during the 2018 growing season, especially in June and September 
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exposed soybean plants were able to recover from injury without influence on yield.  In 
2019, the precipitation was less in June and thus soybean plants that were exposed to 
the dicamba June 20 and July 1 at the highest rate were likely unable to fully recover 
and yield was sacrificed. These results show that soybean exposed to dicamba can vary 
in yield reduction depending on weather conditions at the time of exposure and 
following exposure.  More research will be needed over multiple growing seasons to 
determine the overall influence of dicamba exposure on yield in soybean.  
Summary 
When comparing visual injury at 21 DAE it was observed that the early June exposures 
resulted in peak injury; whereas, late June and early July exposure peaked at 28 DAE. 
Soybean trifoliate leaf damage showed very little affect when compared to exposure 
rate; date showed more differences on June 10, 21 DAE in both 2018 and 2019. 
Differences in 28 DAE varied from year to year, with the injury lingering throughout the 
growing season for the June 20 and July 1 dates. Yield showed differences in 2019, but 
not in 2018, which could be associated with less amount of rainfall received at the peak 
growth periods.  
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Table 2.1 Growth stages of soybean at timing of dicamba applications for each site year and location in both 2018 and 2019  
                      Site Location        
Exposure Date        Caldwell 2018 Trigg 2018 Webster 2018  Caldwell 2019   Trigg 2019                                   
                            ---------------------------------------------------Growth Stage------------------------------------------------------ 
June 1                                 V3  V3   V2   V3          V3                   
June 10                               V4  V4   V4   V4          V4        
June 20                               R1   R1   R1   R2           R2 
July 1                                  R2  R2   R2   R3           R3    
July 10                                R3  R3   R3     R4           R4   
 
 
 
 
 
 
 
 
 
 27 
 
 
 
 
 
 
Table 2.2 Crop injury 21 DAE analysis of variance table for 2018 and 2019 site year environments  
Effect                 Num DFa    Den DFb    Trigg2018     Caldwell2018     Webster2018     Trigg2019     Caldwell2019   
    ---------------------------------------- P Value--------------------------------------- 
Date                        4             42   <0.0001 <0.0001 <0.0001     <0.0001    <0.0001 
Rate                        2             42   0.0002    0.0311   0.0021    <0.0001    <0.0001 
Date*Rate             8             42    0.0005   0.7094   0.167      0.437      0.0058   
aNumerator Degrees of Freedom 
bDenominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 2.3 Effect of dicamba exposure date on percent of crop injury 21 DAE across three different site locations  
                                                                                                                                      
Exposure Date  Caldwell 2018   Webster 2018  Trigg 2019  
June 1    19 AB    20 a        24 A 
June 10    23 A    20 a        24 A  
June 20    21 AB    23 a        22 A  
July 1    10 C    15 b        12 B  
July 10    18 B    15 b        10 B   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICISED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure  
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Table 2.4 Effect of dicamba exposure rate on percent of crop injury 21 DAE across three different site locations 
                                                                                                         
Exposure Rate Caldwell 2018   Webster 2018   Trigg 2019  
0.5 g ae ha-1   17 B    17 B       15 C  
1g ae ha-1  17 AB    20 A       18 B  
5 g ae ha-1   20 A    20 A       23 A   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICISED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure  
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Table 2.5 Effect of dicamba exposure rate and date on percent of crop injury 21 DAE across two site locations  
                          Exposure Rate        
Year Trigg 2018      Caldwell 2019    
Exposure Date               0.5g ae ha-1     1g ae ha-1         5g ae ha-1 0.5g ae ha-1     1g ae ha-1         5g ae ha-1   
                                       ----------------% Crop Injurya---------------               ----------------% Crop Injurya--------------- 
June 1                              19 CDEF  23 ABCD 29 A  25 bcd  25 bcd  34 a     
June 10                            21 ABCDE  20 BCDE 28 AB  20 efg  24 cde  29 b          
June 20                            21 ABCDE  24 ABC  28 A  20 efg   21 def  26 bc 
July 1                                15 DEF  11 F  15 DEF  16 g  19 fg  29 b 
July 10                              11 F  14 EF  14 EF  2 i  5 hi  8 h     
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 2.6 Crop injury 28 DAE analysis of variance table for 2018 and 2019 site year environments  
Effect                 Num DFa    Den DFb    Trigg2018     Caldwell2018     Webster2018     Trigg2019     Caldwell2019         
    ---------------------------------------- P Value--------------------------------------- 
Date                        4             42   <0.0001 <0.0001 <0.0001    <0.0001    <0.0001 
Rate                        2             42   0.0004    0.079    0.0064    <0.0001    <0.0001 
Date*Rate             8             42    0.008    0.3124   0.1569     0.0129      0.3479 
aNumerator Degrees of Freedom 
bDenominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 2.7 Effect of dicamba exposure date on percent of crop injury 28 DAE 
                                                                                                                                      
Exposure Date  Caldwell 2018   Webster 2018  Caldwell 2019  
June 1     6 C    3 d        23 AB 
June 10     6 C    7 c        11 D  
June 20     14 B    14 b        21 B  
July 1    19 A    19 a         25 A  
July 10    6 C    11 b        15 C   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICISED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure  
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Table 2.8 Effect of dicamba exposure rate on percent of crop injury 28 DAE across three site locations 
                                                                                                         
Exposure Rate Caldwell 2018   Webster 2018   Caldwell 2019  
0.5 g ae ha-1   10 A    9 b      15 B  
1g ae ha-1  10 A    10 b       17 B  
5 g ae ha-1   12 A    13 a       26 A   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICISED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure  
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Table 2.9 Effect of dicamba exposure rate and date on percent of crop injury 28 DAE across two site locations 
                          Exposure Rate        
Year Trigg 2018      Trigg 2019    
Exposure Date               0.5g ae ha-1     1g ae ha-1         5g ae ha-1 0.5g ae ha-1     1g ae ha-1         5g ae ha-1   
                                       ----------------% Crop Injurya---------------               ----------------% Crop Injurya--------------- 
June 1                              2 F    4 F  6 EF  6 f  8 ef  15 cde     
June 10                            7 DEF   6 EF  19 BC  11 def  11 def  11 def          
June 20                            23 AB  18 BCD 31 A  20 c   21 bc  29 ab 
July 1                                19 BC  16 BCDE 19 BC  19 cd  23 abc  30 a  
July 10                              9 CDEF  9 CDEF  7 DEF  15 cde  19 cd  29 ab      
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 2.10 Trifoliate injury 21 DAE analysis of variance table for 2018 and 2019 site year environments  
Effect                 Num DFa    Den DFb    Trigg2018     Caldwell2018     Webster2018     Trigg2019     Caldwell2019         
    ---------------------------------------- P Value--------------------------------------- 
Date                        4             42   0.0007  <0.0001 <0.0001     <0.0001      0.0097 
Rate                        2             42   0.2622    0.0959   0.7363     0.0392      0.0991 
Date*Rate             8             42   0.5975    0.0454   0.9498     0.0665      0.6193 
aNumerator Degrees of Freedom 
bDenominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 2.11 Effect of dicamba exposure date on number of trifoliates injured 21 DAE 
                                                                                                                                       
Exposure Date  Trigg 2018  Webster 2018  Trigg 2019 Caldwell 2019  
June 1   9 C  7 c   12 B  13 ab 
June 10   12 A  10 b   16 A  15 a 
June 20   12 AB  12 ab   12 B  13 ab 
July 1   9 BC  13 a   9 CD  11 b 
July 10   9 BC  11 b   7 D  11 b   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICISED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
dMeans followed by a different italicized lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure  
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Table 2.12 Effect of dicamba exposure rate on number of trifoliates injured 21 DAE 
Exposure Rate  Trigg 2019  
0.5 g ae ha-1      10 B   
1g ae ha-1   11 AB   
5 g ae ha-1      12 A   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 2.13 Effect of dicamba exposure date and rate on number of trifoliates injured 21 DAE 
         Caldwell 2018    
Exposure Date                     0.5g ae ha-1      1g ae ha-1           5g ae ha-1 
June 1                                    6 D     8 ABCD  8 ABCD    
June 10                                    11 ABC   10 ABCD  12 A 
June 20                                  12 A   9 ABCD  7 BCD   
July 1                                      9 ABCD  7 D   7 D    
July 10                                    8 ABCD  8 ABCD  7 CD  
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 2.14 Trifoliate injury 28 DAE analysis of variance table for 2018 and 2019 site year environments  
Effect                 Num DFa    Den DFb    Trigg2018     Caldwell2018     Webster2018     Trigg2019     Caldwell2019         
    ---------------------------------------- P Value--------------------------------------- 
Date                        4             42   <0.0001 <0.0001  <0.0001     <0.0001     <0.0001 
Rate                        2             42     0.1719  0.0063    0.0137       0.8156      0.8383 
Date*Rate             8             42     0.0585  0.0492    0.3447       0.1917      0.0007 
aNumerator Degrees of Freedom 
bDenominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 2.15 Effect of dicamba exposure date on number of trifoliates injured 28 DAE 
                                                                                                                                      
Exposure Date  Trigg 2018  Webster 2018  Trigg 2019   
June 1   8 B  6 b   10 BC   
June 10   8 B  8 b   13 A   
June 20   12 A  13 a   13 A   
July 1   12 A  14 a   13 A   
July 10   7 B  11 a   7 C    
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICISED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 2.16 Effect of dicamba exposure rate on number of trifoliates injured 28 DAE 
Exposure Rate   Webster 2018  
0.5 g ae ha-1     10 B        
1g ae ha-1    10 B          
5 g ae ha-1     12 A       
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 2.17 Effect of dicamba exposure date and rate on number of trifoliates injured 21 DAE 
                          Exposure Rate        
Year Caldwell 2018      Caldwell 2019    
Exposure Date               0.5g ae ha-1     1g ae ha-1         5g ae ha-1 0.5g ae ha-1     1g ae ha-1         5g ae ha-1   
                                       --------Number of Trifoliates Injureda-----         ------Number of Trifoliates Injuredb---- 
June 1                              6 D   6 D  6 D  17 abc  18 ab  17 abc     
June 10                            9 ABCD   6 D  11 A  12 abcd 18 ab  12 abcd         
June 20                            10 AB  9 ABCD 11 A  19 a   16 abc  11 abcd 
July 1                                10 AB  9 ABC  11 A  15 abcd 13 abcd 19 a  
July 10                              7 BCD  8 BCD  6 D  10 cd  9 d  11 bcd     
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 2.18 Soybean yield analysis of variance table at UKREC location 2018 and 2019 
Effect           Num DFa 2018     Den DFb 2018   P Value 2018      Num DF 2019       Den DF 2019   P Value 2019 
Date                    4                              42                  0.3462    4         40                            <0.0001 
Rate                    2                              42                  0.8647   2        40                    <0.0001 
Date*Rate          8                             42      0.9318     8       40                      0.0078  
a Numerator Degrees of Freedom 
b Denominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 2.19 Soybean yield presented as a percent of the untreated check as influence by the interaction of exposure rates and 
exposure date in 2019 only at the UKREC location                                                                                            
                      Exposure Rate      
  Exposure Date                                  0.5g ae ha-1    1g ae ha-1        5g ae ha-1   
                               --------------------% of UNTa-------------------- 
June 1                        104 AB              103 AB            91 ABC 
June 10                     94 ABC              90 ABC            95 AB 
June 20                      80 ABC              79 ABC             37 D 
July 1                          90 ABC              88 ABC            65 CD 
July 10                      105 A             104 A              71 BC   
aMeans followed by a different letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: UNT= Untreated check  
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Table 2.20 Weather data 2018 
Weather Data            
   Avg. Temp. Max (°C)     Avg. Temp. Min. (°C)   Precipitation (mm)  
May   28   17   118  
June   31   19   196  
July   31   20   62  
August   30   19   61  
September  29   17   138  
Total        575     
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Table 2.21 Weather data 2019 
Weather Data           
  Avg. Temp. Max(°C)     Avg. Temp. Min. (°C)   Precipitation (mm)  
May   25   15   142  
June   28   17   109  
July   30   20   84  
August   30   18   160  
September  31   16    8  
Total        503    
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Chapter 3 
Introduction 
  Weed control has become increasingly difficult due to the numerous herbicide 
resistant weeds. Glyphosate resistance in Kentucky began in 2001 with horseweed 
(Conyza canadensis) being the first documented resistant weed, with Palmer amaranth 
(Amaranthus palmeri), waterhemp (Amaranthus tuberculatus), and other resistant 
biotypes occurring as well (Heap, 2019). One of the ways soybean growers manage 
resistant weeds is by achieving canopy closure as quickly as possible. Early season 
shading from the soybean canopy can reduce weed populations and minimize weed 
growth prior to applying any herbicides (Norsworthy, 2005). For example, soybean 
planted on 19-38 cm rows compared to 76 cm rows increases light interception 
therefore resulting in more canopy closure (Dalley et. al 2004; Harder et. al 2007). Dalley 
et. al (2004) also stated that soybean planted in narrow rows such as 19 and 38 cm rows 
suppressed weed growth after glyphosate applications were made compared to 
soybeans planted in wider rows. 
Dicamba damage causes leaf malformations as well as stunting which can affect the rate 
at which canopy closure occurs and yield loss (Griffen et al. 2013). Decreasing canopy 
closure, plant height, and increasing weed pressure will increase weed seed in the soil 
seed bank causing issues in future growing seasons. Palmer amaranth (Amaranthus 
palmeri) can emerge from early May until late October, with peak emergence periods 
occurring in late May and late June (Jha and Norsworthy 2009). With 75% light 
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interception by the soybean canopy, 27 Palmer amaranth seedlings emerged per square 
meter, whereas with no soybean canopy closure 102 seedlings were present within the 
m2 area (Jha and Norsworthy 2009). Canopy closure affects weed seed germination as 
well as the overall amount of weed seedlings present, which can compete for 
assimilates, and even sunlight (Bond and Oliver 2006). Female Palmer amaranth plants 
can produce between 200,000 and 600,000 seeds per plant when growing without 
competition (Keeley et al. 1987, Ward et al. 2013). Palmer amaranth plants producing 
vast amounts seed can cause crop competition issues the following growing season by 
increasing the number of seeds in the seed soil bank. Higher densities of Palmer plants 
ranging from two to 10 plants m-1 can reduce the dry weight biomass of a soybean crop 
(Klingaman and Oliver 1994). By decreasing canopy closure due to dicamba injury could 
allow more sunlight to reach the soil surface and potentially increasing weed 
emergence.  
The research objective was to evaluate soybean canopy closure and Palmer amaranth 
emergence as influenced by dicamba exposure rate and exposure timing.  
Materials and Methods 
Experimental sites: Field trials were conducted during the summer of 2018 and 2019 in 
Caldwell and Trigg Counties. The Caldwell sites were located on the University of 
Kentucky Research and Education Center (UKREC) (37.097857, -87.863521) farm. The 
Caldwell site was maintained and remained weed-free throughout both growing 
seasons, despite having populations of horseweed (Conyza canadensis), giant ragweed 
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(Ambrosia trifida) and johnsongrass (Sorghum halepense). The Trigg County sites in 2018 
and 2019 were located in adjacent fields on a grower owned property in Cadiz, KY 
(36.842315,-87.747283). The Trigg County site contained a dense and uniform 
population of Palmer amaranth. 
Plot establishment and Maintenance: Both locations in 2018 were planted with Pioneer 
P45T39L glufosinate-resistant soybean. The Caldwell County location was planted on 
May 15 and the Trigg County site planted on May 16. Both sites were planted at a 
population of 346,000 seeds ha-1 with a precision planting vacuum planter on 38-cm 
rows.  Both locations in 2019 were planted with Becks 424L4 glufosinate-resistant 
soybean.  The Caldwell site was planted on April 29 and the Trigg County location 
planted on May 10 at a population of 346,000 seeds ha-1 on 38-cm rows.  Burndown 
herbicide applications were made at the Caldwell site in 2018 and both sites in 2019, 
which consisted of 1.12 kg ae ha-1 of glyphosate.  In 2018, Trigg County was 
conventionally tilled due to a rough and uneven planting surface.  Following planting at 
both sites and both years, a preemergence (PRE) herbicide was applied consisting of a 
mixture of flumioxazin at 0.07 kg ae ha-1 and pyroxasulfone at 0.08 kg ae ha-1 the day of 
planting. 
Both locations in 2018 and 2019 had a mid-season application of glufosinate (2.03 kg ae 
ha-1) and clethodim (0.63 kg ae ha-1) to mimic a typical grower herbicide program. 
Applications were applied June 19, 2018 at the Caldwell and Trigg County sites.  In 2019, 
the application at Trigg County was applied on June 10. Caldwell County had an 
application of glufosinate (2.03 kg ae ha-1) and clethodim (0.63 kg ae ha-1) applied on 
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June 3, 2019.  A follow-up application of glufosinate and chlorimuron-ethyl ( 0.525 kg ae 
ha-1) was applied at the Caldwell County location on June 26 due to a dense nutsedge 
population that was not controlled from the first application. 
All burndown, PRE, and glufosinate applications at each site in 2018 and 2019 were 
applied using a CO2 backpack sprayer with a hand held boom at 172 kpa using Tee Jet 
XR11002 flat-fan nozzles with 38-cm nozzle spacing traveling at 4.8 km h-1 with a spray 
volume of 140 L ha-1. 
Experimental Design: Experimental plots were 3m by 9m that were randomized 
complete block design across all sites and years. A factorial design was used that 
included date of exposure and rate of exposure as two main factors. There was also an 
untreated check plot within each replication; location of this plot was randomized also.  
Three exposure rates of dicamba, 0.5 g ae ha-1, 1 g ae ha-1 and 5 g ae ha-1 and  five 
different exposure target dates of June 1, June 10, June 20, July 1 and July 10.  These 
dates and rates were used to mimic soybean injury at the times most commonly found 
across the state of Kentucky.  Rates were selected from Egan et al. (2014), and were 
used to simulate volatilization and drift occurrences.  The 0.5 g ae ha-1 exposure rate 
was used to mimic a volatilization occurrence and 5g ae ha-1 was used to mimic a 
possible drift occurrence where product had been applied upwind and physical drift 
occurs onto a sensitive soybean crop. The 1g ae ha-1 exposure rate was included to 
provide another rate for evaluation and was not intended to mimic any particular injury 
scenario.  All dicamba applications were applied using a CO2 backpack sprayer with a 
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hand boom at 206 kpa with a 203-cm boom with four TTI11002 nozzles traveling at 4.8 
km h-1 with a spray volume of 140 L ha-1. 
Data Collection: Canopy images were taken to determine if any of the dicamba 
exposure caused canopy closure to be delayed.  Canopy images were taken at 21, 28 
and 35 days after each exposure date in 2018 and 2019 at the Caldwell County location 
only (Table 3.1 and 3.2).  Untreated checks remained unaffected from dicamba injury 
and photos of the check plots were taken at every image capture date. A tripod at 183 
cm high with a Nikon camera was used to capture images; each spot was marked within 
each plot to ensure images were captured at the same location each week.  A computer 
program (Image J) was used to calculate a percentage of pixels based on the amount of 
green within a picture.  This program has the ability to differentiate green foliage from 
black or brown gaps in the canopy and produces a percentage of green pixels relative to 
all other colors. Therefore, a general representation of canopy closure as a percentage 
of those pixels can be determined. Settings for Image J were adjusted for each set of 
images to adjust for dark spots of the canopy or senescing foliage during the latter part 
of the growing season as well as cloud cover (Table 3.3). The setting of hue and 
brightness changed based on the changing of colors, as the soybeans progressively 
became darker green throughout the growing season. Furthermore, senescence also 
was accounted for in the later application dates and images that were taken later into 
the growing season were adjusted accordingly. Brightness was adjusted based on the 
cloud cover as well as shading in the lower canopy to include the darker shaded lower 
 52 
 
leaves and not the ground or holes within the canopy.  Comparisons of soybean canopy 
closure were made based on closure of a plot compared to the untreated check.  
Palmer amaranth density was measured at Trigg County for both 2018 and 2019. In 
2018 plant counts were taken 28 days after application of dicamba within each plot.  In 
2019, Palmer amaranth counts were taken 42 days after the glufosinate application was 
applied, therefore plant density counts were taken on July 22, 2019.  In 2018, the center 
rows within each plot were observed for Palmer plant density counts, which were a 3m2 
area.  In 2019, a 0.3 m2 preselected quadrant 1.5m into the center of each plot was used 
to conduct density counts. Due to high amounts of lodging in 2018 the timing of the 
counts were adjusted to 42 days after glufosinate application.  
Difference in both canopy closure 21, 28 and 35 DAE and Palmer amaranth counts were 
analyzed using analysis of variance in SAS 9.4 PROC GLMMIX, means separation 
occurred at alpha=0.05 adjusted for Tukey HSD. Independent variables were exposure 
date, exposure rate, and the interaction of exposure date and exposure rate. Site and 
replication were treated as random factors. Means were pooled across years when 
differences between years did not occur.   
Results and Discussions  
Canopy Closure: Canopy closure images taken at 21, 28 and 35 DAE (days after 
exposure) showed differences across exposure rates and exposure dates. The 
percentage of canopy closure is presented as a percentage of the untreated check 
throughout this chapter. In 2018 there was an interaction between exposure date and 
 53 
 
exposure rate 21 and 28 DAE when looking at the canopy development (Table 3.4). 
While no trend in these interactions are clear, a decreased percentage of soybean 
canopy as compared to the untreated was noted in the late June and early July 
exposures at 21 DAE (Table 3.5).  Differences in exposure date were observed in 2018 
with June 20 and July 1 showing reduced canopy closure as compared to the other 
exposure dates across all three evaluation timings except June 20, 35 DAE (Table 3.6).   
In 2019 there were also differences observed across exposure dates and rates and also 
an interaction of exposure date and exposure rate (Table 3.8).  There was a significant 
reduction in canopy closure 21 DAE ranging from 51 to 74 percent of canopy closure on 
the June 1 application date for all three rates (Table 3.9).  Later in the growing season, 
28 DAE, there was still a reduction on June 1date at the 5g ae ha-1 rate (Table 3.9).  At 35 
DAE, no differences in canopy closure were observed across all treatments similar to the 
results of 2018, except for June 20 exposure date at 5g ae ha-1 (Table 3.9).  The June 20 
application date 35 DAE at 5g ae ha-1 showed 93.5 percent canopy closure of the 
untreated, as compared to the remaining treatments at 98.3 percent of the untreated 
check and greater. One possible reason for the increased influences of canopy closure 
2019 was due to reduced rainfall following dicamba exposures, specifically the June 20 
date. The drought-like conditions made it more difficult for the soybean plant to grow 
out of the injury and likely delayed canopy closure more so than what was observed in 
2018. During the 2018 growing season ample amounts of rain fell consistently 
throughout the entire growing season. Compared to the 30-year average for rainfall the 
amount of rain during the month of July and September was lower than the previous 
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averages of 122 mm in July and 91 mm in September (University of Kentucky Ag 
Weather Data). 
Palmer Amaranth Density: Results varied between 2018 and 2019 (Table 3.12). 
Differences were found in 2018 across exposure dates and exposure rates, but the 
interaction was not significant. As expected the higher rate of 5g ae ha-1 resulted in 
more Palmer amaranth emergence in 2018 than the lower rate 0.5g ae ha-1 with the 
most drastic differences occurring on the June 10 exposure (Table 3.13). Exposure in 
2018 that occurred on June 10 showed the greatest amount of Palmer amaranth 
emergence whereas the July 10 exposure showed the least amount of palmer 
emergence (Table 3.14). The 5 g ha-1 exposure rate, regardless of exposure date in 2018 
showed greater Palmer amaranth emergence than the 0.5 g ha-1 exposure rate (Table 
3.15). Canopy closure was greater than 90% before the dicamba exposure occurred on 
July 10, so it is likely that and Palmer amaranth failed to emerge due to a lack of sunlight 
penetration through the canopy. During the 2019 growing season there were no 
differences seen in Palmer density among dicamba exposure rates or dates (P=0.4101) 
(Table 3.12).  
The timing of data collection used for both years differed due to lodged beans in 2018 
compared to 2019. Palmer density was collected28 DAE in 2018 from the inner rows of 
soybean. Due to high amounts of lodging in 2018, the timing of the counts in 2019 were 
adjusted to 42 days after the glufosinate treatment in mid-June, delaying counts until 
July 12, 2019. The differences in the data collection could be a factor in the differences 
between the observed influence of exposure date and rate between years.  In 2018 the 
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large amount of palmer emergence that occurred after early exposures were likely 
controlled with the planned glufosinate application, whereas, in 2019 the counts were 
conducted following the glufosinate application.  
Summary 
Canopy closure in soybean was influenced by both dicamba exposure date and rate in 
both years, although exposure date showed greater differences across evaluation 
timings. The influence of exposure date on canopy closure varied among years with the 
late June and early July dates having the greatest influence in 2018, and the early June 
having the greatest influence in 2019. A prolonged effect of canopy closure was also 
observed in 2019. This is likely due to a lack of rainfall consistent during the months of 
June and September. Thus, the influence of a dicamba exposure event on soybean 
canopy closure is likely dependent on growing conditions following the application.  
Palmer emergence also varied between years, likely due to weather conditions, but also 
due to differences in timing of data collection. 
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3.1 Exposure dates for Caldwell County and dates of canopy images taken 2018  
                    Date of Image     
Target Exposure Actual Exposure 21 DAE   28 DAE  35 DAE   
June 1    June 5      June 26 (1)           July 5 (2)   July 11 (3)  
June 10    June 14     July 5 (2)          July 11 (3)  July 23 (4) 
June 20    June 25    July 11 (3)         July 23 (4)  August 2 (5) 
July 1   July 3      July 23 (4)        August 2 (5) August 10 (6) 
July 10    July 11     August 2 (5)      August 10 (6) August 20 (7)  
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3.2 Exposure dates for Caldwell County and dates of canopy images taken 2019 
                    Date of Image     
Target Exposure Actual Exposure 21 DAE        28 DAE       35 DAE   
June 1    June 3      June 24 (1)       July 3 (2)         July 12 (3)       
June 10    June 13     July 3 (2)     July 12 (3)          July 22 (4)  
June 20    June 24    July 12 (3)     July 22 (4)       July 31 (5)  
July 1   July 3      July 22 (4)    July 31 (5)          August 8 (6)   
July 10   July 12    July 31 (5)        August 8 (6)         August 15 (7)    
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Table 3.3 Image J settings used for canopy closure evaluation  
Image Set    Hue  Saturation   Brightness  
1 & 2    60 to 130 0 to 255 56 to 255 
3    60 to 130 0 to 255  30 to 255 
4    60 to 150 0 to 255 30 to 255 
5 & 6     40 to 150  0 to 255 30 to 255 
7    0 to 220  0 to 255 30 to 255 
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Table 3.4 Crop Canopy analysis of variance table for 2018 for 21, 28 and 35 DAE at UKREC location  
Effect                    Num DFa         Den DFb    P Value        
Date                               4                                  160      <0.0001   
Rate                                 2                                    160      <0.0001   
Date*Rate                       8                                    160         0.0090    
a Numerator Degrees of Freedom 
b Denominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 3.5 Percent canopy closure compared to the UNT at 21, 28, and 35 DAE in 2018 as influenced by the interaction of exposure 
date and rate at the Caldwell County location            
                                           21 DAEa                 28 DAEb              35 DAEc      
                      5 g ae ha-1   1g ae ha-1    0.5 g ae ha-1     5 g ae ha-1     1g ae ha-1     0.5g ae ha-1     5g ae ha-1     1g ae ha-1     0.5g ae ha-1   
                      ------ % canopy closure of UNT------      ------- % canopy closure of UNT-------     ------- % canopy closure of UNT------- 
June 1         99.7 AB     108.4 A        102.1 AB             100.6 ab        102.1 a          101.3 ab 101.5 A          100.1 A     100.1 A  
June 10      97.5 B       100.7 AB       99.9 AB    100.5 ab        100.5 ab         99.4 ab 97.8 A           102.2 A          100.9 A 
June 20      94.8 B        97.9 B           96.9 B     96.6 ab          96.9 ab           95.9 b 100.1 A           100.2 A      101.6 A  
July 1          94.7 B        94.4 B           93.7 B     97.2 ab          98.1 ab           99.1 ab 98.3 A             98.6 A        98.8 A   
July 10       97.8 B         97.0 B         100.2 AB     98.3 ab         97.7 ab         97.7 ab 100.4 A           99.9 A       99.3 A   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICIZED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure UNT= Untreated Check Plot 
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Table 3.6 Percent canopy closure relative to the UNT at 21, 28, and 35 DAE in 2018 as influenced by exposure date   
         
Exposure Date                  21 DAEa                 28 DAEb                   35 DAEc   
                                         ---------------------------------------------- % canopy closure of UNT---------------------------------------------- 
June 1                              103.4 A                101.3 a                                                       100.5 AB 
June 10                                        99.4 AB                100.2 ab            100.3 AB 
June 20                           96.5 BC                  96.5 c              100.6 A 
July 1                                               94.3 C                  98.1 bc          98.6 B 
July 10                             98.3 BC                  97.9 bc                99.9 AB   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICIZED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure UNT= Untreated Check Plot 
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Table 3.7 Percent canopy closure of the UNT at 21, 28, and 35 DAE in 2018 as influenced by exposure rate    
        
Exposure Rate                                          21 DAEa              28 DAEb                 35 DAEc 
      ---------------------------------------------- % canopy closure of UNT-------------------------------------       
0.5g ae ha-1                           98.5 AB                 98.7 a        100.1 A 
1g ae ha-1                                         99.7 A                 99.0 a                                              100.2 A 
5g ae ha-1                              96.7 B                      98.6 a        99.6 A 
 
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICIZED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 3.8 Crop Canopy analysis of variance table for 2019 at UKREC location  
Effect                    Num DFa         Den DFb    P Value        
Date                               4                                  42      <0.0001   
Rate                                 2                                    42      <0.0001   
Date*Rate                       8                                    42         0.0048    
a Numerator Degrees of Freedom 
b Denominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 3.9 Percent canopy closure of the UNT at 21, 28, and 35 DAE in 2019 as influenced by the interaction of exposure date and 
rate            
                                           21 DAEa                 28 DAEb              35 DAEc      
                      5 g ae ha-1   1g ae ha-1    0.5 g ae ha-1     5 g ae ha-1     1g ae ha-1     0.5g ae ha-1     5g ae ha-1     1g ae ha-1     0.5g ae ha-1   
                      ----- % canopy closure of UNT----         ------- % canopy closure of UNT--------      -------- % canopy closure of UNT------- 
June 1st         51.4 D       75.7 C             73.4 C               84.9 b           98.6 a             95.2 a    100.3 A       101.4 A       100.6 A  
June 10th      79.4 BC      97.7 A          93.7 AB     97.7 ab          97.8 a           97.7 ab     99.2 A         99.9 A              100.2 A 
June 20th      86.1 ABC   92.4 AB        93.0 AB     89.9 ab         97.0 ab          95.2 ab     93.5 B          98.3 A       100.1 A  
July 1st          95.9 A        96.5 A          95.9 A     95.2 ab          98.6 a           95.2 ab     99.2 A         100.0 A       100.6 A 
July 10th       99.0 A         98.3 A         99.8 A      99.6 a          100.2 a       100.4 a     99.3 A        98.6 A      100.3 A   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICIZED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 3.10 Percent canopy closure of the UNT at 21, 28, and 35 DAE in 2019 as influenced by exposure date    
        
Exposure Date                 21 DAE                 28 DAE              35 DAE   
                                       ---------------------------------------------- % canopy closure of UNT------------------------------------- 
June 1                               66.9 C                 92.9 b                                                     100.8 A 
June 10                                         90.3 B                97.7 ab                  99.8 A 
June 20                            90.5 B                94.0 b              97.3 B 
July 1                                              95.8 AB                97.6 ab                     99.9 A 
July 10                             99.0 A                100.1 a                       99.4 A   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICIZED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 3.11 Percent canopy closure of the UNT at 21, 28, and 35 DAE in 2019 as influenced by exposure rate    
        
Exposure Rate                   21 DAEa                 28 DAEb       35 DAEc  
                                            ---------------------------------------- % canopy closure of UNT--------------------------------------------   
0.5g ae ha-1                       91.2 A                 97.5 a               100.3 A  
1g ae ha-1                                       92.1 A                 98.5 a                                                           99.6 A 
5g ae ha-1                          82.2 B                 93.4 b               98.3 B  
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
cMeans followed by a different ITALICIZED UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
 
 
 
 
 
 
 
 69 
 
 
Table 3.12 Palmer amaranth density analysis of variance table at Trigg County location 2018 and 2019 
Effect           Num DFa 2018     Den DFb 2018   P Value 2018      Num DF 2019       Den DF 2019   P Value 2019 
Date                    4                              42                  0.0421    4         39                            0.5243 
Rate                    2                              42                  0.0497   2        39                    0.3957 
Date*Rate          8                             42      0.0244     8       39                     0.4101  
a Numerator Degrees of Freedom 
b Denominator Degrees of Freedom 
Abbreviations: DAE= Days After Exposure  
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Table 3.13 Trigg County Palmer Amaranth emergence as influence by the interaction of exposure rate and date in 2018 and 2019 
                                                                                        
Exposure Date 2018a                    2019b      
                              5g ae ha-1    1g ae ha-1     0.5g ae ha-1            5g ae ha-1      1g ae ha-1         0.5g ae ha-1 
                                     --- Palmer amaranth 3m2 ----                     --- Palmer amaranth 0.3m2 --- 
June 1                      4 B              10 AB                2 B            5 a                  1 a                    3 a 
June 10                   29 A               5 B                2 B                   3 a                 2 a                    5 a 
June 20                    6 B                3 B                  2 B              6 a                  3 a                    3 a 
July 1                     10 AB              7 B                 9 AB                     3 a           2 a           1 a 
July 10                     2 B                1 B                  3 B               1 a                 3 a                    3 a  
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 3.14 Trigg County Palmer amaranth emergence as influenced by exposure date in 2018 and 2019                                                 
                    
Exposure Date        2018a          2019b    
                                                                      Palmer amaranth 3m2           Palmer amaranth 0.3m2 
June 1          5 AB                3 a 
June 10          12 A                3 a 
June 20          3 AB                4 a 
July 1          8 AB                2 a 
July 10          2 B           2 a    
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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Table 3.15 Trigg County Palmer amaranth emergence as influence by exposure rate in 2018 and 2019                                                       
                                         
Exposure Rate         2018a   2019b   
                                                                      Palmer amaranth 3m2           Palmer amaranth 0.3m2  
0.5 g ae ha-1         3 B   3 a 
1g ae ha-1         5 AB   2 a 
5 g ae ha-1          10 A   3 a   
aMeans followed by a different UPPER CASE letter(s) are significantly different according to Tukey HSD at α=0.05. 
bMeans followed by a different lower case letter(s) are significantly different according to Tukey HSD at α=0.05. 
Abbreviations: DAE= Days After Exposure 
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